Objectives: To study the joint association of coffee consumption and serum g-glutamyltransferase (GGT) levels on the risk of developing type II diabetes. Design, setting and subjects: A total of 21 826 Finnish men and women who were 35-74 years of age and without any history of diabetes at baseline (years 1982, 1987, 1992 and 1997) were included in the present analyses. They were prospectively followed up for onset of type II diabetes (n ¼ 862 cases), death or until the end of the year 2002. Coffee consumption, serum GGT and other study parameters were determined at baseline using standardized measurements. Analyses were stratified by the serum GGT level classified into two classes using the 75th sex-specific percentiles as the cut point. Results: Coffee consumption was significantly and inversely associated with incident diabetes among both men and women. Serum GGT modified the association between coffee consumption and incident diabetes. Subjects in the high category of coffee consumption with the GGT level X75th percentile showed a significant inverse association for women, and for both sexes combined. The association was not significant in subjects with the GGT level p75th percentile. There was a significant interaction effect of GGT and coffee consumption on risk of type II diabetes in data of women (P ¼ 0.05) and in both sexes combined (P ¼ 0.02). Conclusions: Habitual coffee consumption is associated with lower incidence of type II diabetes particularly in those with higher baseline serum GGT levels.
Introduction
GGT is a plasma membrane enzyme, which may be raised with age (Schiele et al., 1977) , obesity (Arnesen et al., 1986; Robinson and Whitehead, 1989; Wannamethee et al., 1995) and also diabetes (Barbieux et al., 1990) . A raised serum GGT concentration has also been linked with cardiovascular risk factors, including hypertension, dyslipidemia and physical inactivity (Arnesen et al., 1986; Robinson and Whitehead, 1989; . There is a strong association between the serum concentration of GGT and the risk for development of impaired fasting glucose or type II diabetes (Perry et al., 1998) and recent results have suggested that GGT may be used as a risk indicator for developing metabolic syndrome and type II diabetes (Nakanishi et al., 2004) . In addition, age and obesity, two well-known risk factors in type II diabetes, have stronger association with diabetes in subjects with higher GGT levels (Lee et al., 2003a, b) . The strong association between GGT and incident diabetes has been observed also in nonalcohol drinkers and individuals without increased concentrations of any other liver enzymes. Therefore, this association would not to be explained by alcohol or any hepatic dysfunctions (Lee et al., 2003b) , even though high GGT can be a marker of excessive alcohol drinking (Skinner et al., 1984; Shaper et al., 1985) .
Several recent cohort studies (Van Dam and Feskens, 2002; Carlsson et al., 2004; Rosengren et al., 2004; Salazar-Martinez et al., 2004; Tuomilehto et al., 2004; Hu et al., 2006) and systematic reviews (van Dam and Hu, 2005; Greenberg et al, 2006) have been shown that long-term consumption of coffee may lower the risk of type II diabetes. The mechanism of the association has not been clarified yet, but several plausible mechanisms have been suggested . In the present study, we analyzed whether protective effects of coffee drinking on the risk of developing type II diabetes were affected by the baseline GGT concentration.
Subjects and methods
Baseline risk factor surveys were carried out in Kuopio and North Karelia provinces in eastern and in Turku-Loimaa area in southwestern Finland in 1982 Finland in , 1987 Finland in , 1992 Finland in and 1997 . The Helsinki capital area was included in the survey in 1992 and 1997 and Oulu province in northern Finland in 1997 (Vartiainen et al., 2000) . According to the international WHO MONICA (MONItoring trends and determinants in CArdiovascular disease) project protocol (Pajak et al., 1988) , in each study year the sample was randomly drawn from the population aged 25-64 years and was stratified so that in each area at least 250 subjects were chosen from both sex and each 10-year age group. In 1997, an additional sample of subjects aged 65-74 years was conducted. In this study, we limited the analyses to participants aged 35-74 years. The surveys were independent, that is, the study subjects were randomly chosen from the population for each survey. Participants who belonged to more than one survey were included only into the first survey. The study was conducted according to the national data protection legislation, ethical rules of the Finnish National Public Health Institute, and the rules and principles of the Helsinki Declaration. The participation rates in the pooled data set were 75% in men and 82% in women. Of the 23 342 participants, 1247 were excluded from the analyses because of prevalent diabetes at baseline identified retrospectively from the National Social Insurance Institution's Drug Register that includes subjects receiving reimbursement for their diabetes medication, from the National Hospital Discharge Register and by a survey question about diabetes diagnosed by a physician. Another 247 participants were excluded because of missing data on GGT or coffee consumption. Additionally, we excluded 21 persons who had developed type I diabetes during the follow-up period; the diagnoses of the type of diabetes were based on the Finnish National Hospital Discharge register that provides separate diagnostic codes for type I and type II diabetes. A total of 10 666 men and 11 160 women were included in the present analyses. Coffee and alcohol consumption, smoking status and physical activity at baseline were assessed with a set of standardized questions in a self-administered questionnaire mailed to the participants in advance. Coffee consumption was asked as a number of cups of coffee per day on average, and it was classified as 0-2, 3-4, 5-6 and seven cups or more per day Hu et al., 2006) . We had information on type of coffee in the surveys in 1987, 1992 and 1997 and 82% of consumed coffee in these surveys was filtered coffee. Smoking status was classified as regular current smokers and former or never smokers. Alcohol consumption was assessed on the basis of the self-reported number of drinks consumed during the previous week. Alcohol consumption was classified as 0, 1-69, 70-139, 140-209, and 210 g or more in men and 0, 1-34, 35-69 and 70 g or more in women. The cut points were derived from the alcohol consumption distribution in these data and the lower cut points for women were used since the average alcohol consumption in Finland is much lower in middle-aged women than in men. Physical activity was estimated by asking whether the participant practiced leisure time physical activity at least 20-30 min two times or more per week (Hu et al., 2003 .
At the survey site, specially trained research nurses measured height and weight in light clothing and without shoes by using the standardized WHO MONICA protocol. Body mass index (BMI, kg/m 2 ) was used as a measure of relative body weight as a continuous variable. GGT was determined from fresh venous blood serum samples using a kinetic method (Oy Medix Biochemica AB, Kauniainen, Finland) on the basis of recommendation of European Committee for Clinical Laboratory Standards in the same central laboratory located at the Finnish National Public Health Institute in Helsinki.
Data on the occurrence of new type II diabetes cases during the follow-up period until 31 December 2002 were obtained from the National Hospital Discharge Register and National Social Insurance Institution's register on persons entitled to special reimbursement for diabetes medication. To receive the special reimbursement, the diagnosis of diabetes is assigned by the person's own physician, usually general practitioner, internist or specialist in occupational medicine. The statements documenting the diagnosis have then been reviewed according to current criteria by expert physicians of the National Social Insurance Institution. Thus, the register data include the drug-treated diabetic, but not those who are on diet only. Under the Finnish law, all persons with type I or type II diabetes are eligible for the reimbursement, and thus this registry probably includes virtually all new cases that need medication for type II diabetes. Nevertheless, it is well known that the majority of type II diabetic patients sooner or later will require pharmacotherapy, and thus, it is likely that the date of ascertainment of diabetes is delayed in our cohort. The National Hospital Discharge Register includes in-hospital admissions of patients to hospitals with a primary or secondary diagnosis of diabetes in Finland nationwide. The number of incident type II diabetes cases during the follow-up was 483 among men and 379 among women.
All analyses were performed separately in men and women and in both sexes together after adjusting for sex. Analyses were stratified by the serum GGT level classified into two classes using the 75th sex-specific percentiles as the cut points (40 U/l in men, 21 U/l in women). Follow-up time (in days) was calculated from the baseline examination to the registration date of type II diabetes diagnosis (cases), death (censored subjects) or 31 December 2002 (non-cases). Deaths were identified from the National Death Register maintained by Statistics Finland. Cox proportional hazard models were used to calculate multivariate-adjusted hazard ratios (HR) and the analyses were carried out by the PHREG procedure of the SAS statistical package (SAS institute, 2003) . The assumption of Cox-model was tested using Schoenfeld residuals by the Stata statistical (package) (STATA press, 2001 ) and found not to be violated. Statistical significance for trends was computed using Wald's test. Age, BMI, alcohol consumption, smoking status and physical activity at baseline were used as covariates. Because the risk of type II diabetes differed between men and women, the STRATA option was used for sex in the pooled analyses in men and women together.
Using the STRATA option, the model allows different baseline hazards for men and women and computes the overall hazard ratios from these stratified hazard ratios. Thus, the model does not expect the hazard ratios to be proportional in the whole data but only in each stratum. Table 1 presents the baseline characteristics of the participants. In general, older persons were less likely to drink coffee. GGT levels were inversely correlated with the amount of coffee consumption. Smoking rates increased as coffee consumption increased. People with sedentary lifestyle drank more coffee than people who practiced regular leisure-time physical activity. Table 2 describes the association between coffee drinking and incidence of type II diabetes. After adjustment for age, BMI, alcohol consumption, smoking and physical activity, there was a significant inverse association among both men and women (P for trend ¼ 0.02 for men and o0.0001 for women). Additional adjustment for GGT did not change the association (P for trend ¼ 0.05 for men and o0.0001 for women). As the interaction of sex and coffee drinking, and that of sex and GGT on the risk of type II diabetes were not Coffee, GGT, T2D S Bidel et al statistically significant, the data for men and women were pooled together. Sex-and multivariate-adjusted HRs of incident type II diabetes by coffee consumption decreased linearly with increasing amount of coffee, being 0.64 for people drinking seven cups or more per day compared with those drinking 0-2 cups of coffee. Table 3 shows the association between coffee consumption and incident type II diabetes stratified by the baseline GGT level. We also measured the interaction between coffee, GGT and sex on the risk of type II diabetes. There was no association between coffee consumption and the incidence of type II diabetes among men with low GGT levels but at the high GGT level an inverse tendency appeared; however, P-value for the trend failed to reach the level of significance (P for trend ¼ 0.75, P for interaction ¼ 0.18). Among women with a low GGT level, a nonsignificant inverse trend between coffee consumption and incident diabetes was detected (P for trend ¼ 0.20). At high GGT level, there was a strong inverse association (P for trend ¼ 0.002) and multivariate adjusted HRs of diabetes in women who drank 0-2, 3-4, 5-6, X7 cups of coffee were 1.00, 0.75, 0.59, 0.44 (P of interaction ¼ 0.002). When data for men and women were combined, in the highest quartile of GGT level sex-adjusted and multivariate-adjusted HRs for type II diabetes were 1.00, 0.77, 0.70, 0.65 (P for trend ¼ 0.001), respectively, but no association between coffee and risk for type II diabetes was found in pooled data at lower levels of GGT (p75th percentile) (P for trend ¼ 0.95).
Results

Discussion
In this study, we found that coffee consumption was inversely and significantly associated with type II diabetes as has been reported in our earlier study . However, the present study had a larger sample size and longer follow-up period and thus adds to the previous findings. We also found that the results were influenced by baseline GGT levels. At high GGT levels (X75% percentile), coffee drinking was inversely associated with type II diabetes in women and both sexes combined, but this association was nonsignificant in men.
The strong association between the serum concentration of GGT and the risk for the development of impaired fasting glucose or type II diabetes has already been documented (Perry et al., 1998) . Recent prospective studies showed that the risk of the metabolic syndrome and type II diabetes increases with increasing serum GGT level (Perry et al., 1998; Lee et al., 2003a, b; Nakanishi et al., 2004 Nakanishi et al., , 2003 and GGT has been suggested as an important risk indicator for developing type II diabetes. Despite apparent relation between the GGT level and alcohol intake (Skinner et al., 1984; Shaper et al., 1985) , the association between GGT concentration and type II diabetes has been found to be independent of alcohol intake (Lee et al., 2003a, b) . Also among subjects with high normal GGT levels, BMI and age are strong risk factors for incident type II diabetes (Lee et al., 2003a, b) . A previous study based on the almost same study population as our Coffee, GGT, T2D S Bidel et al present study revealed that a higher serum GGT concentration within normal ranges was directly associated with the increased risk of type II diabetes (Lee et al., 2004c) , but present analysis have now indicated that the risk of type II diabetes among people with high normal serum GGT levels is not necessarily increased, but actually decreased among habitual coffee consumers. On the other hand, the relation between coffee consumption and GGT concentration, which has been studied before Casiglia et al., 1993; Kono et al., 1994) , Coffee, GGT, T2D S Bidel et al revealed an inverse association between coffee consumption and GGT level. The effects of regular daily coffee consumption on liver enzymes were studied in a large number of subjects from the general population by Casiglia et al. (1993) . They found that in coffee drinkers, GGT and other liver enzymes (alkaline-amino transferase, and alkaline phosphatase) were lower than in non-coffee-drinking subjects or in those consuming less than three cups daily. In addition, a study by Esposito et al. (2003) revealed that moderate coffee consumption significantly increased the plasma glutathione (GSH) level among healthy subjects. It is well known that with increasing GSH levels, GGT concentration decreases consequently (Zhang et al. 2005) .
Better knowledge of GGT and its important physiologic role in pathological conditions is necessary to explain our finding in present study. It is known that GGT is a plasma membrane enzyme which facilitates the transport of extracellular GSH into most type of cells and GSH is the major intracellular non-protein thiol defence against free radicals (oxidative stress) (Kugelman et al., 1994; Karp et al., 2001) . In any condition, accumulation of free radicals, which means elevated oxidative stress, leads to rise in the GGT level in order to modify the existing oxidative stress by reproducing GSH. The g-glutamyl cycle involving GGT is the major pathway by which cells utilize extracellular GSH for the de novo synthesis of intracellular GSH (Griffith et al., 1978) so this is the main way that membrane GGT is protecting cells from oxidative stress (Karp et al., 2001) . The elevation of GGT could be expression of excess deposition of fat in liver (hepatic steatosis), and/or may reflect inflammation (Marchesini et al., 2001; Hotalamsligil, 2003; Malnick et al., 2003) , both expressing the presence of oxidative stress and it plays a major role in pathological conditions such as inflammation, malignant diseases, aging, cardiovascular disease (Droge, 2002) , and also in pathophysiology of diabetes (West, 2000; Haluzik and Nedvidkova, 2000; Rosen et al., 2001) . A decrease in antioxidant capacity has been observed in the plasma of diabetic patients (Jones et al., 1988; Maxwell et al., 1997; Haluzik and Nedvidkova, 2000; Rosen et al., 2001) , and evidence from numbers of experimental studies revealed that the formation of free radicals and presence of oxidative stress is a direct consequence of hyperglycemia (Diedrich et al., 1994; Graier et al., 1996; Ceriello et al 1999) . So, we know that coffee contains many compounds, which may have potential to influence glucose metabolism process to prevent hyperglycemia and oxidative stress consequently. For instance, chlorogenic acid inhibits glucose transporters (Na þ -dependent glucose transporter) (Kobayashi et al., 2000) .
Chlorogenic acid also reduces or inhibits glucose-6-phosphatase (Glc-6-phase) hydrolysis, which may reduce plasma glucose output from the liver, leading to reduced plasma glucose concentration (Newgard et al., 1984; Arion et al., 1997) . In addition, coffee may also influence the secretion of gastrointestinal peptides such as glucagon-like peptide-1 and gastric inhibitory polypeptide; both of them are known for their glucose-lowering effects (Nauck et al., 1993; Meier et al., 2001) . Recently, published results in diverse countries revealed that higher coffee consumption was consistently associated with a lower prevalence of hyperglycemia and in particular, coffee consumption seems to lower post-prandial hyperglycemia (Agardh et al., 2004; Van Dam et al., 2004; Yamaji et al, 2004; Bidel et al., 2006) . Although acute administration of caffeine may reduce insulin sensitivity (Keijzers et al., 2002) , we have found nonetheless lower fasting insulin values and a lower prevalence of hyperinsulinemia among coffee consumers with long-term exposure. This may be interpreted as an improvement in insulin sensitivity by coffee consumption to prevent hyperglycemia and oxidative stress consequently . Finally, increased GGT levels for any reason is related to excess oxidative stress and excessive oxidative stress may play a role in initiating developing type II diabetes; thus, increasing frequency of the disease in people with high GGT levels may be expected as reported earlier (Lee et al., 2003a) . However, in this study we found fewer cases of incident diabetes among habitual coffee consumers with high normal GGT levels, which indicate stronger protective effects of coffee in these levels. It may be interpreted that antioxidant capacity of coffee may be more activated at the particular oxidative stress level which it would be helpful to prevent diabetes in subjects who are more susceptible to develop diabetes. In consistence is the recent study by Ruhl and Everhart (2005) who investigated the association of coffee and tea consumption on chronic liver disease. They found lower risk associated with higher levels of coffee and/or tea consumption only in persons at higher risk for liver disease from heavier alcohol intake, overweight, diabetes or high iron saturation. These findings suggest hypotheses for future research.
Reliance on self-report for data on coffee drinking may be one of the limitation of this study. However, any possible misclassification of the exposure is unlikely to be systematically related to the outcome; thus, it should not cause biased results but may only weaken the true association. Secondly, an under-ascertainment of cases of incident type II diabetes is another limitation of this study, because we may have missed some cases of asymptomatic and diet-treated diabetes, although the clinical diagnosis of diabetes from the hospital discharge register may in part avoid this potential under diagnosis. On the other hand, type II diabetes is a progressive disease, and most of the cases sooner or later require pharmacologic treatment. Thus, rather than having underestimated the absolute number of diabetic cases in this cohort, we might have had a delayed date of diagnosis for some cases. Finally, we cannot completely exclude either the effects of residual confounding owing to measurement error in the assessment of confounding factors, or some unmeasured factors including coffee additives (sugar and/or milk) and several dietary factors (such as intake of whole grain, intake of fiber, magnesium, calcium, sodium, saturated and polyunsaturated fat, glycaemic load of the diet and total energy intake) (Steyn et al., 2004; Hu et al., 2005) .
In conclusion, this study revealed that the inverse association between coffee consumption and incident type II diabetes is modified by serum GGT levels. The mechanism of this association has not been clarified, yet. Nevertheless, the antioxidant activity of coffee by interfering in glucose metabolism process is the most probable mode of action, as a high GGT level can be taken as a marker of oxidative stress.
